Enforced expression of c-myc has been shown to serve as an apoptotic stimulus in cultured cells. Prior studies have also demonstrated that several tissues expressing c-myc transgene display a large number of dead cells, although a morphologic or biochemical verification of apoptosis in these tissues has actually not been presented. In the present study, we examined the morphologic properties of cell death in the mammary tumors developed from MMTV-c-myc transgenic mice. We found that c-myc-expressing mammary tumor cells exhibited malformation of mitochondria, characterized by an amorphous matrix with very few cristae. The mitochondria were also frequently degenerated by lysis of the matrix and cristae. The protein level of cytochrome c was much lower in the areas of c-myc-expressing tumor cells compared with the adjacent tumor foci, which was previously shown to have decreased expression of c-myc, reduced frequencies of cell death, and increased frequencies of proliferating cells. In the c-myc-expressing tumor areas, there were many dying or dead cells organized in clusters, termed "dead cell islands." These cells exhibited shrinkage, DNA breakage as indicated by a positive TUNEL staining, and nuclear localization of apoptosis-inducing factor, but a lack of typical apoptotic morphology, such as nuclear condensation and formation of cell membrane blebs and apoptotic bodies. Many macrophages infiltrated into these dead cell islands, engulfing the dying or dead tumor cells. In the total tumor tissue, the protein level of caspase-3 was very low, and the poly(ADP)-ribose polymerase was present mainly as the unprocessed, inactive form. Collectively, these results suggest that programmed cell death in the c-myc transgenic mammary tumor tissue may not be typical apoptosis and may involve a caspase-independent mechanism. (Lab Invest 2003, 83:1437-1449.
A review of the literature on the differences between apoptosis and other types of cell death, mainly necrosis, is currently very confusing, mainly because there is a lack of a strict definition of apoptosis (Afford and Randhawa, 2000; Columbano, 1995; Fiers et al, 1999; Johnson, 2000; Kroemer et al, 1998; Levin et al, 1999; Lockshin, 1999; Majno and Joris, 1999; Nicotera et al, 1999) . As summarized by Blagosklonny (2000) , apoptosis has been commonly described, but not precisely defined, from four different points of view: 1) programmed cell death; 2) a combination of morphologic features, such as nuclear fragmentation, chromatin condensation, DNA degradation, cell shrinkage, and membrane blebbing; 3) an active process of dying that requires energy and de novo gene expression; and 4) cell death that is nonnecrotic. The last point of view may be the main source of confusion because the term "necrosis" is mainly used to refer to a tissue and thus has little relevance and application to cell culture where apoptosis is mostly studied (Blagosklonny, 2000) . According to the original definition of apoptosis in vivo (Geske et al, 2002; Kerr et al, 1972; Messmer and Pfeilschifter, 2000; Savill and Fadok, 2000) , a cell that is dead or in the process of dying, via an apoptotic mechanism, will be phagocytosed by macrophages such that neither antigenic nor toxic components are released to elicit inflammatory response, which often results in scar formation. As distinct from this in vivo process, apoptosis of cultured cells does not involve clearance by macrophages and thus differs from tissue apoptosis at least in the last steps, which are usually mediated by executor caspases. In strong contrast to the voluminous studies with cultured cells, fewer studies have been reported as to whether in various apoptotic tissues where macrophages actively mediate the later steps of the dying process, caspases are still as actively involved as in cultured cells.
If the rate of apoptosis in a tissue exceeds the rate of clearance of the apoptotic cells by macrophages, it is possible that inflammatory and toxic processes could result, leading to a secondary necrosis. This type of situation would be artificially induced by enforced death signaling, such as might occur in a model system driven by a cell death-associated gene (ie, c-myc) or in human tumors treated with chemotherapeutic agents (Aoyagi and Dickson, 1999) . These situations make it difficult and even impossible to distinguish apoptosis from necrosis in many occasions; thus, programmed cell death, a more general nomenclature, is often used in the description of the cell death. Programmed cell death and apoptosis have been shown to occur via either caspase-dependent or caspase-independent mechanisms (Borner et al, 1999; Chan and Mattson, 1999; Elliott et al, 2000; Hotti et al, 2000; Johnson, 2000; Kolenko et al, 1999; Vier et al, 1999) . Although more studies continue to describe the biochemical differences between these two mechanisms, little data have been presented in the literature to morphologically contrast them, especially in tissues. This is important because morphologic features are still the major criteria used to distinguish different types of cell death.
c-Myc oncoproteins are known to play dual roles in cell proliferation and cell death (Conzen et al, 2000; Dang et al, 1999; Hoffman and Liebermann, 1998) , similar to many other oncoproteins, such as cyclin D1, E2F1, Ras, and E1A (Chi et al, 1999; Duelli and Lazebnik, 2000; Guo and Hay, 1999) . The mechanisms for c-myc-triggered cell death have been addressed extensively in the past decade (Alarcon et al, 1996; Borner and Monney, 1999; Packham and Cleveland, 1995; Prendergast, 1999; Thompson, 1998) , but mostly with cultured cells. Both caspase-dependent and caspase-independent pathways have been implicated in the mechanisms for the apoptotic effects of c-Myc in cell culture (Hotti et al, 2000; Juin et al, 1999; McCarthy et al, 1997; Prendergast, 1999; Thompson, 1998) . Far fewer studies have addressed the mechanisms of cell death in various c-myc-expressing tissues. In different transgenic mouse models, c-myc has been targeted to the mammary gland (Stewart et al, 1984) , liver (Sandgren et al, 1989) , lymphocytes (Felsher et al, 1999; Pelengaris et al, 2000) , and renal ducts (Trudel et al, 1997) . Mammary adenocarcinomas, hepatocarcinomas, lymphomas, and polycystic kidneys develop in these animals, respectively, as the consequences of the expression of the transgene. All of these cancers or benign lesions show many dead cells, which are commonly described as a result of apoptosis. Moreover, the c-myc transgene has also been targeted to the nervous system (Jensen et al, 1998 ) and the pancreas (Pelengaris et al, 2000) ; pronounced cell death is also discerned in these transgenic tissues. However, in most of these studies (Christensen et al, 1999; Felsher and Bishop, 1999; Hundley et al, 1997; Pelengaris et al, 2000; Sanders et al, 1999; Sandgren et al, 1989; Stewart et al, 1984; Trudel et al, 1997) , including our own (Amundadottir et al, 1996; Liao et al, 2000a; McCormack et al, 1998) , the term "apoptosis" has not been applied based on solid morphologic or biochemical evidence; a positive staining of TUNEL is the only indication in most cases. This may be because the concept that c-Myc induces apoptosis has been well established in the past in cell culture systems (Evan et al, 1992; Shi et al, 1992) where it has been well accepted, and this description is simply extended to c-myc-expressing tissue systems in vivo.
In the present study, we described for the first time the detailed morphology of cell death in a tissue expressing a c-myc transgene. We found that mouse mammary tumor cells expressing a c-myc transgene exhibited malformation and degeneration of their mitochondria, in association with a very low level of cytochrome c expression. The dying cells manifested shrinkage and DNA breakage as indicated by a positive TUNEL staining and nuclear localization of apoptosis inducing factor (AIF) but lack of typical apoptotic morphology, including nuclear condensation and formation of cell membrane blebs and apoptotic bodies. The dying process attracted pronounced infiltration of macrophages. The poly(ADP)-ribose polymerase (PARP) was present in the c-myc transgenic tumors mainly as the unprocessed, inactive form. These results suggest that the cell death in the c-myc transgenic mammary tumor tissue may not be a typical apoptosis and may involve a caspaseindependent mechanism.
Results

Cell Death in Hematoxylin Eosin (HE)-Stained Sections
We had previously reported that the c-myc transgenic mammary tumors progressed to form specific focal lesions, termed "foci," at the advanced stages. These "tumor-within-a-tumor" foci showed decreased expression of c-myc transgene and different morphology from their surrounding tumor areas (Liao et al, 2000a) . The foci could be solid nodules (Fig. 1) , glandular structure (Fig. 1A) , or a mixture of nodular and glandular types (Fig. 1B) . Solid foci rarely contained dead cells, as we had previously reported (Liao et al, 2000a) . Glandular foci often contained some dead cells in the cavity of the glands, but the morphology of these dead cells resembled necrosis (Fig. 1D ) and therefore is not described in further detail in the present study.
In the nonfocal areas that we termed "the major tumor areas" (Liao and Dickson, 2000; Liao et al, 2000a) , there were a large number of dead cells that were usually organized in clusters (Fig. 1, A and C) . There always was a space separating a cluster of dead cells from the surrounding viable tumor cells (Fig. 1 , A and C), which made each cluster of dead cells look like an island in the major tumor areas. Therefore, the clusters of dead cells were termed "apoptotic cell islands" previously (Liao and Dickson, 2000) . The reason for calling the dead cells apoptotic cells was primarily because of their positive TUNEL staining (Amundadottir et al, 1996; Liao et al, 2000a) . In the present study, the clusters of dead cells are renamed as "dead cell islands" due to their lack of typical morphology of apoptosis as described below.
Formation of dead cell islands seemed to begin with shrinkage simultaneously occurring in several tumor cells (Fig. 1E ), which caused a break in cell contact from their neighboring tumor cells. At this stage the cells still showed a morphology similar to their neighboring cells (Fig. 1E) . Later in the dying process, nuclear fragmentation with or without chromatin con- Hematoxylin and eosin (HE) staining of c-myc transgenic mammary tumors. Many dead cell islands appear in the major tumor areas (arrowheads in A and arrows in C), but not in the glandular foci (A) nor the mixed type of foci that contains tumor glands (arrow in B). However, there may be some dead tumor cells (arrowheads in A and arrows in D) in the tumor glands that resemble necrosis. At early stage of dead cell island formation, a group of tumor cells (arrow in E) are separate from their surrounding tumor cells by an intercellular space that might have resulted from cell shrinkage; at this time point, the morphology of these cells is still similar to the surrounding cells. Cells in dead cell islands show nuclear fragmentation (arrow in F and G), nuclear condensation (arrowhead in G) or peripheral chromatin condensation (arrow in H). There are many small nuclear fragment-like components inside one giant cell (arrowhead in F), which may be a macrophage. Cell debris appears in a dead cell island (arrow in I).
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Laboratory Investigation • October 2003 • Volume 83 • Number 10 densation was discerned as the main alteration of the cells (Fig. 1, F and G) . Peripheral chromatin condensation could also be observed (Fig. 1H) . Disruption of cell membranes and cytoplasm seemed to be common, leaving much cell debris in the hollow dead cell islands (Fig. 1I ). Giant cells containing many small, fragmented, and nucleus-like components were frequently observed (Fig. 1F) . Considering the results of toluidine blue staining (see below), these cells might be macrophages with phagosomes containing nuclear fragments, although their true identity could not be ascertained with HE staining. Blebs of cell membrane and apoptotic bodies resulting from cell membrane blebbing were never observed, even when carefully examined under high magnification.
Hemorrhage was discerned in some of the dead cell islands. However, an obvious inflammatory response, characterized by infiltration of many white blood cells, was never observed in dead cell islands.
Cell Death in Toluidine Blue-Stained Sections
Small tumor tissue blocks were fixed with glutaraldehyde and osmium tetroxide, stained with uranyl acetate, and then embedded with Spurr resin. Semi-thin sections (1 m) were made and stained with toluidine blue. Therefore, the staining observed might result from not only toluidine blue but also osmium tetroxide and uranyl acetate. The staining identified two major types of tumor cells: dark cells and light cells (Fig. 2, A and B). The two types of cells were roughly equal in number. Either type could dominate an area or they could be variously mixed with each other (Fig. 2, A 
and B).
A large number of macrophages was observed in the tumor tissue, more frequently colocalized with dead cell islands (Fig. 2 , A and B) but sometimes also among viable tumor cells (Fig. 2C ) or in the thin stroma. The macrophages were very large in size, usually about 5-to 8-fold larger than viable tumor cells. Without exception all macrophages contained many phagosomes that varied greatly in size; the phagosomes were frequently as large as the nucleus of viable tumor cells (Fig. 2D ). Many phagosomes were intensely stained, while in others only some components showed intense staining (Fig. 2, A to D) . These intensely stained phagosomes or the phagosomal components were likely to be the nuclei or nuclear fragments of dead cells engulfed in macrophages. In conflict with the observations from HE-stained sections, few dead tumor cell nuclei were found in dead cell islands, and nuclear condensation or peripheral chromatin condensation was not observed in dying or dead tumor cells. Thus, many dead cell nuclei with or without nuclear condensation observed in the HEstained sections might not be the nuclei of dead cells per se, but might actually be the nuclei or nuclear fragments of the phagocytosed tumor cells appearing as phagosomes or phagosomal components within macrophages.
Consistent with what was observed in HE-stained sections, blebs of cell membrane were not observed in the tumor cells, although cellular structures were preserved better with glutaradehyde fixation, and membrane blebbing should be discerned more easily. Disruption of tumor cells was rarely seen, which was in conflict with the observation of cell debris in the dead cell islands in HE-stained sections. On the other hand, disrupted macrophages were often observed, releasing phagosomes as well as other cellular components to the intercellular space as cell debris (Fig. 2E ). It is likely that the disrupted cells and cell debris observed in HE-stained sections might actually be disrupted macrophages.
TUNEL Staining
Many, but not all, nuclei in dead cell islands were positive for TUNEL staining (Fig. 3 , A, C, and D), indicating that DNA breakage occurred in these cells, because the principle for TUNEL staining is DNA end-labeling. Interestingly, in the hyperplastic lesions of mammary epithelia, TUNEL-positive nuclei appeared individually but were not organized in clusters (Fig. 3B ). This difference implies that although cell death in both hyperplastic lesions and tumors might all be triggered by enforced expression of c-myc, the mechanisms for the cell death might still be distinct, comparing the benign lesions with the tumors.
In conflict with the observation of HE-stained sections, most TUNEL-positive nuclei in dead cell islands did not show condensed chromatin under high magnification; instead, their density was very similar to that of the nuclei of viable tumor cells, except for the brown TUNEL staining (Fig. 3 , A, C, and D). Moreover, in dead cell islands, many nuclei positive for TUNEL Toluidine blue staining of c-myc transgenic mammary tumor tissue that was prestained with osmium tetroxide and uranyl acetate. Two types of tumor cells light and dark cells are identified (A and B) . Note that few dead tumor cells per se appear in the dead cell islands (A and B), except several huge macrophages (arrow) containing many intensely stained phagosomes. Macrophages could also appear among the viable tumor cells (C). Some phagosomes show a staining density as light as the cytoplasm of viable tumor cells, while some other phagosomes contain intensely stained components (arrowhead in A, B, and D). These light-stained phagosomes could contain entire engulfed dead tumor cells, while the dark components within them might be nuclear fragments. A disrupted cell is indicated in E; its large body size and phagosomes suggest that it may be a dead macrophage.
were surrounded by a hollow space but not by a cytoplasm and cell membrane, although the cytoplasm of the viable tumor cells was clearly discerned by its weak hematoxylin staining. This result indicates that the cytoplasm and cell membrane of these dead cells might have already lysed and dispersed, which might explain why no cell membrane blebs and apoptotic bodies were observed. The lysis might occur after these tumor cells are engulfed by macrophages, because disruption of tumor cells per se was rarely seen in toluidine blue-stained sections. This consideration was supported by the observation that many nucleus-like, but smaller than a nucleus, particles were also positive for TUNEL (arrow in Fig. 3, C and D) .
Frequently, these small positive particles were embedded in a cytoplasmic-like component (arrow in Fig.  3 , C and D), indicating that they were nuclear fragments of a dead tumor cell engulfed and digested by macrophages. More convincing support for this conclusion was the common observation that a group of positive nuclei were encapsulated by a membrane (arrowhead in Fig. 3D ).
Electron Microscopic (EM) Observations
There were also two main types of tumor cells identified under EM: dark cells and light cells (Fig. 4A) , corresponding to the dark and light cells in toluidine TUNEL staining (brown color) of c-myc transgenic tumor tissue (A, C, and D) and hyperplastic lesion (B), with hematoxylin-counter staining (blue color). Positive nuclei in the tumor tissue appear in clusters to form dead cell islands (A, C, and D), whereas positive nuclei in a hyperplastic lesion adjacent to a tumor area appear individually, without formation of dead cell islands. The chromatin density of the positive nuclei in dead cell islands is similar to that of the viable tumor cells. There is no cytoplasm surrounding most of the positive nuclei within dead cell islands, although the cytoplasm of the viable tumor cells can be discerned clearly by its weak hematoxylin staining. There are some small positive particles embedded in cytoplasm (arrow in C and D), which could be nuclear fragments inside macrophages. Several positive nuclei are encapsulated by cell membrane (arrowhead in D), indicating that they might be phagocytosed by a macrophage.
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Laboratory Investigation • October 2003 • Volume 83 • Number 10 blue-stained sections. The nuclei of both types of tumor cells distinctively showed one or more giant nucleoli. Most dark tumor cells showed an undifferentiated and inactive ultrastructure, characterized by electron-dense, amorphous matrix in the cytoplasm, with very few organelles such as endoplasmic reticulum and Golgi apparatus. The light tumor cells usually contained more organelles compared with the dark tumor cells. Lysosomes, glycogen granules, and lipid droplets were easily discerned in the light tumor cells (in contrast to dark cells), in addition to larger numbers of endoplasmic reticulum and Golgi complexes. Autophagosomes were also discerned in some light cells.
For both cell types, the most striking alterations were in the mitochondria. In most tumor cells, the mitochondria consisted mainly of an electron-light (Fig. 4 , B and C) or electron-dense (Fig. 4D) amorphous matrix, with very few cristae (Fig. 4, B to D) . The cristae were usually dilated to the cavities with irregular shapes (arrow in Fig. 4D ). These morphologic features suggest that the mitochondria are malformed in these c-myc-expressing tumor cells. Moreover, these malformed mitochondria were frequently swollen and degenerated, characterized by the lysis of the amorphous matrix and cristae, leaving a hollow mitochondrial body (Fig. 4E) .
EM examination also confirmed the presence of many macrophages in the tumor tissue, especially in dead cell islands (Fig. 4, F and G) . Most macrophages were so huge and so irregular in their shapes that it was usually impossible to take a photo of the whole cell, even under the lowest magnification. All macrophages contained many phagosomes, with various degrees of digested tumor cells, indicating that the macrophages were very active in phagocytosis. The electron density of the phagosomes varied greatly, and it was common that one phagosome showed very high electron density in one part but very light density in the other part (Fig. 4, G, I , and J). The light and dark parts resulted from different organelles and nuclei that were phagocytosed, and there usually was a clear edge between the light and dark parts (Fig. 4, G and I) . Peripheral chromatin condensation and nuclear condensation were not seen in dying or dead tumor cells, which was in contrast to the observation of HEstained sections but dovetailed with the observation of the sections stained for toluidine blue and TUNEL. However, when the electron-dense components of a phagosome resided in the peripheral area or in a corner, it might make the phagosome resemble peripheral chromatin condensation under light microscope. Thus, the structures that resembled condensed nuclei or peripherally condensed chromatin observed in HE-stained sections were unlikely to be the nuclei of dead tumor cells per se but might be the phagosomes containing residuals of nuclei.
Disruption of macrophages with release of cell debris and processed phagosomes to the intercellular space was very commonly observed (Fig. 4, H to J) . On the other hand, formation of cell membrane blebs and apoptotic bodies in dying or dead tumor cells were not observed. Disruption of dead tumor cells was rarely seen. These results again suggest that the cell debris in dead cell islands observed in HE-stained sections might be derived mainly from disrupted macrophages.
Expression of Cytochrome c, AIF, and CD68
Because the mitochondria in the tumor cells were found to be malformed and frequently degenerated, we performed immunohistochemical staining of cytochrome c and AIF, two mitochondrial proteins known to mediate caspase-dependent and caspaseindependent apoptosis, respectively (Daugas et al, 2000a (Daugas et al, , 2000b Loeffler and Kroemer, 2000; Lorenzo et al, 1999; Skulachev, 1998) , although AIF is also related to necrosis (Daugas et al, 2000b) . Most tumor cells in the major tumor areas and some cells in the dead cell islands exhibited positive staining of cytochrome c in the cytoplasm (Fig. 5, A to D) . However, to our surprise, the staining intensity was much weaker compared with the staining in the tumor foci or in the D) . Frequently, the malformed mitochondria are degenerated, characterized by lysis of matrix and cristate, leaving a hollow mitochondrial body (arrow in E). Macrophages appear frequently, especially in the places of dead cell islands (F and G). Every macrophage contains many phagosomes (arrowhead in F to J). Some phagosomes show very high electron density (H and J) or contain components with very high electron density (I). Many phagosomes could be as large as a nucleus (G), and some resemble the nucleus of engulfed cell (arrow in F). Note that in the place of dead cell islands (G), no tumor cells show condensed nucleus. Disruption of cell membrane and release of phagosomes is discerned in a macrophage (arrow in J).
Figure 5.
Immunohistochemical staining of cytochrome c, apoptosis inducing factor (AIF), and CD68 in c-myc transgenic mammary tumor tissue. Staining of cytochrome c is positive in major tumor areas and in some (but not all) dead cell islands (arrow in C), but the staining intensity is much weaker compared with the smooth muscle cells (upper part in A) and the adjacent foci (B to D). Under high magnification, the staining of cytochrome c in both foci and surrounding tumor area is granular in the cytoplasm (D). AIF staining is localized to some nuclei in the dead cell islands (E and F). Staining for CD68, a marker of macrophages, identifies the positive cells in dead cell islands (G), in stroma, and among the tumor cells (H). The staining is localized to the cytoplasm and probably also cell membrane, in contrast to the nuclear staining of AIF.
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Laboratory Investigation • October 2003 • Volume 83 • Number 10 smooth muscle cells that were used as internal positive controls (Fig. 5, A and B) . This result suggests that a higher expression of cytochrome c can be used as an additional marker for the tumor foci. Under high magnification the staining was found to be granular in the cytoplasm (Fig. 5, C and D) , indicating that the cytochrome c might still be localized in the mitochondria. Western blot assay of total c-myc tumor tissue revealed a single band at the expected molecular weight (Fig. 6) , confirming the specificity of the antibody. A normal rabbit Ig G was used to replace the primary antibody in some control staining; this control did not result in any signal (not shown).
Immunohistochemical staining of AIF showed that some, but not all, cells in the dead cell islands were positive in their nuclei, while cells in the major tumor areas were negative or very weakly positive in the cytoplasm (Fig. 5, E and F) . Cells in the foci were negative. Western blot analysis of the total tumor tissue showed a single band at the expected molecular weight (Fig. 6 ), confirming that AIF was expressed in the tumor tissue.
Immunohistochemical staining of macrophage marker CD68 gave rise to positive staining in the cytoplasm of many cells. The positive cells were found mainly in the dead cell islands (Fig. 5, G and H) , usually around the dead cell nuclei, indicating that these nuclei might actually be phagocytosed inside the giant macrophages. The positive cells were also found in the thin stroma among the viable tumor cells (Fig. 5H ) but were very rare in the foci (not shown). Western blot assay with total tumor tissue lysates showed a single band at the expected molecular weight (Fig. 6) , suggesting the specificity of the antibody. Because the CD68 and AIF antibodies were of goat origin, they functioned as each other's control for the staining specificity. Nevertheless, a normal goat Ig G was also used to replace the primary antibodies for some control staining, which did not result in any signal, confirming the staining specificity yielded by the CD68 and AIF antibodies.
Expression of Caspase-3 and PARP
Caspase-3 was analyzed in the total tissue lysates of 10 MMTV-c-myc transgenic mammary tumors using Western blot assay. Five MT-tgf␣/MMTV-c-myc double transgenic tumors were included as negative controls because these tumors were basically nonapoptotic (Amundadottir et al, 1996; Liao et al, 2000a) . The protein levels of caspase-3 varied greatly among different c-myc tumors but in general were very low and similar with the levels in the tgf␣/c-myc double transgenic tumors in which dead cells were rarely seen (Amundadottir et al, 1996; Liao et al, 2000a) . Figure 7 shows the results of three c-myc tumors and two tgf␣/c-myc bigenic tumors as the representatives. The caspase-3 was detected mainly as the unprocessed protein at 32 kD, whereas the cleaved, active form at 17 kD was detectable only in 1 of the 10 c-myc tumors (Lane 3 in Fig. 7 ) and 1 of the 5 (Lane 4 in Fig. 7 ) bigenic tumors, suggesting that caspase-3 might not be involved in the c-Myc-initiated cell death. To confirm that the primary antibody works at a high sensitivity for the mouse caspase-3, a mammary tumor cell line, Myc83, which was originally established from an MMTV-c-myc transgenic mouse by our laboratory, was treated with anisomycin (100 M for 24 hours) in culture to induce caspase-dependent apoptosis. Caspase-3 in these apoptotic Myc83 cells was expressed abundantly and was present as both the unprocessed and the processed forms (Fig. 7) . Immunohistochemistry with the same caspase-3 antibody showed a very weak cytoplasmic staining in the viable tumor cells of the major tumor areas but not in the dead cell islands (data not shown).
Figure 6.
Western blot analysis detects cytochrome c, apoptosis inducing factor, and CD68 proteins in total tissue lysates prepared from three (Lanes 1 to 3) randomly selected c-myc transgenic mammary tumors. The levels of caspase-3 varied largely among either c-myc or tgf␣/c-myc tumors but were in general very low. It was mainly present as the unprocessed form at 32 kD. In contrast, caspase-3 in the apoptotic Myc83 cells was abundantly expressed and was present as both the unprocessed form at 32 kD and the cleaved form at 17 kD. PARP was expressed at high levels and was present mainly as the unprocessed form at 116 kD in all tumors but was present mainly as the cleaved form at 85 kD in the apoptotic Myc83 cells.
On Western blot, PARP was detected mainly as the unprocessed protein at 116 kD in both c-myc and tgf␣/c-myc tumors but was present mainly as the cleaved form at 85 kD in the apoptotic Myc83 cells (Fig. 7) . Immunohistochemical staining for PARP was mainly localized in the nuclei of the viable tumor cells in the major tumor areas but not in the dead cell islands (data not shown). The two PARP primary antibodies (H-250 and SA-252) used gave rise to the same Western blot and immunohistochemical results.
Discussion
Mammary gland tumors spontaneously developed in the MMTV-c-myc transgenic mice are known to contain many dead and dying cells (Liao and Dickson, 2000) ; the rate of these cells in the nonfocal areas (ie, the major tumor areas) is about 16%, as quantified by positive TUNEL staining in our previous report (Liao et al, 2000a) . The dying and dead tumor cells were uniquely organized in clusters, which were termed by us as dead cell islands. One fundamental question on our observations is whether the formation of dead cell islands is a result of the c-myc overexpression. Although we have no direct evidence to tightly connect c-myc overexpression with the formation of dead cell islands, due to limitations in our model system, there are several indications suggesting this connection. First, the dead cell islands are observed only in the major tumor areas that show high levels of c-myc but not in the foci that have lost the c-myc expression (Liao et al, 2000a) . Second, similar clusters of dead cells have also been reported in the polycystic kidney of mice where a c-myc transgene was targeted to the renal ducts (Trudel et al, 1997) . Third, to our knowledge a similar morphology of dead cell islands has not been described in the literature for cell death triggered by any other factors in any other types of tissue, although this could be due to the lack of detailed morphologic descriptions in most tissue-based studies. One of the possible explanations for the appearance of dead cell islands is that cells in a local neighborhood may commit collective suicide, which indirectly implies the involvement of a paracrine mechanism or a cell-cell interaction in the dying process.
Although cell death in c-myc-overexpressing tissues has previously been referred to by us as apoptosis (Amundadottir et al, 1996; Liao et al, 2000a; McCormack et al, 1998 ) and other investigators (Christensen et al, 1999; Hundley et al, 1997; Pelengaris et al, 2000; Sanders and Thorgeirsson, 1999; Sandgren et al, 1989; Stewart et al, 1984; Trudel et al, 1997) , actually no morphologic or biochemical evidence other than a positive TUNEL staining has been provided to prove that the cells really died from an apoptotic mechanism in any of these tissues. In the present study, we found that cell death in the c-myc transgenic mammary tumors lacks various morphology of apoptosis, including chromatin condensation, cell membrane blebbing, and apoptotic body formation. However, the dying process involves many macrophages, which is a typical phenomenon of in vivo apoptosis. As a consequence, it is the phagosomes that are released to the intercellular space but not the apoptotic bodies. The released phagosomes have been processed and membrane-capsulated and thus do not elicit inflammatory response. These in vivo morphologic features do not seem to fit into the typical description of apoptosis, necrosis, or any other types of cell death provided by the literature, although they are probably closer to "delayed necrosis" or "slow cell death" as termed by Blagosklonny to describe the cell death without caspase activation (2000) . Currently it is unclear if the morphologic features observed by us are specific for the c-myc transgenic mammary tumors or if it is common for any of the c-myc-expressing tissues. Because many morphologic properties of apoptosis are described mainly based on observation of cultured cells without involvement of macrophages, more thorough studies are needed to explore whether certain morphologic features of apoptosis are really common phenomena in various apoptotic tissues where many macrophages are involved. Examples of such apoptotic features include nuclear condensation, cell membrane blebbing, and apoptotic body formation. It cannot be excluded that the latest steps of programmed cell death are catalyzed by some enzymes of macrophages but not by caspases of the dying cells.
Malformation of mitochondria and depletion of cytochrome c have been reported in the cultured 3T3 cells ectopically expressing Bcl-Xs, an apoptosisinducing protein (Fridman et al, 2001) . In these cells mitochondria appear less electron-dense or even transparent. The cristae of mitochondria in these cells are either undeveloped or broken. Similar malformation and degeneration of mitochondria are observed in the c-myc-expressing mammary tumor cells in the present study, which shows for the first time in a tissue that enforced expression of an inducer of programmed cell death may cause malformation and degeneration of mitochondria. It is possible that the pro-death property of these c-myc-expressing cells may be causally related to these mitochondrial alterations.
Expression of cytochrome c is much lower in dead cell islands and in most c-myc-expressing tumor cells compared with the c-myc-silenced foci and to the adjacent muscle cells that require high levels of cytochrome c for energy generation. These surprising findings are not a general phenomenon occurring to all mitochondrial proteins because AIF does not change similarly. These alterations may be explained by an inhibition of cytochrome c in the majority of the tumor cells in a way similar to the possible suppression of cyclin D1 by c-Myc shown previously (Liao et al, 2000a) . Alternatively, it may also be explained by an induction of cytochrome c in the foci due to a higher demand of energy generation for a higher proliferating rate of the foci (Liao et al, 2000a) . It has been known that c-Myc induces lactate dehydrogenase gene (LDH-A) in fibroblasts and that c-myc-expressing cells are enhanced for glycolytic energy generation, a pathway with a much lower efficacy (Osthus et al, 2000; Shim et al, 1997 Shim et al, , 1998a . Glucose depletion has been shown to induce apoptosis of c-myc-expressing Rat1 cells in culture (Shim et al, 1998b) . The aforementioned Bcl-Xs-expressing cells that show mitochondrial malformation and cytochrome c depletion undergo caspase-independent cell death (Fridman et al, 1999 (Fridman et al, , 2001 . Putting these data together, one may hypothesize that insufficient generation of energy, due to the reasons like damage in mitochondria or depletion in cytochrome c or glucose, may be capable of inducing programmed cell death, which may not be a typical apoptosis because apoptosis is defined as a process that involves consumption of energy (Blagosklonny, 2000) . In support of this hypothesis, cultured fibroblasts isolated from cyctochrome c knockout mouse, which are devoid of cytochrome c and show reduced caspase-3 activation, also exhibit an increased sensitivity to TNF␣-induced apoptosis, compared with the wild-type fibroblasts Vier et al, 1999) . It is possible that c-myc transgenic tumor cells die from this energy-insufficient mechanism because they exhibit damage of mitochondria, low level of cytochrome c, and lack of several morphologic properties of apoptosis.
In a reported study (McCarthy et al, 1997) , when Rat1/c-MycER cells were induced by c-Myc expression to undergo apoptosis in the absence of caspase inhibitors, they showed typical apoptotic morphology such as chromatin condensation, cell shrinkage, cytoplasmic blebbing, and cell fragmentation. In contrast when the cells were induced to undergo apoptosis in the presence of caspase inhibitors, although the cells still showed cytoplasmic blebbing, their nuclei remarkably resembled those of nonapoptotic cells. These results indicate that c-myc-triggered cell death may have both caspase-dependent and caspaseindependent mechanisms (Daugas et al, 2000a (Daugas et al, , 2000b ; in the latter situation, the nuclear morphology was similar to what was observed in our study. The lack of PARP cleavage suggests that programmed cell death in the c-myc tumors may be caspaseindependent because PARP cleavage is a common downstream event of all known caspase-dependent pathways. Other data supporting this consideration include the low level of cytochrome c in dead cells, the nuclear localization of AIF in dead cells, and the low level of caspase-3. The lack of nuclear apoptotic features such as chromatin condensation also dovetails with this consideration, because it now seems to be clear from the literature that inhibition of caspases can prevent nuclear apoptotic changes (Hirsch et al, 1997; Kolenko et al, 1999) . Thus, the morphologic features observed in the present study might just be a reflection of the differences between caspasemediated apoptosis and caspase-independent, nonapoptotic programmed cell death, which is an issue with a significant amount of very confusing data from different cultured cells but with too little data from tissues. More thorough studies need to be conducted on the relationship between the morphologic features of these two dying processes and the status of caspase activation in various apoptotic tissues.
In summary c-myc-expressing mammary tumor cells exhibited malformation and degeneration of mitochondria, with a much lower protein level of cytochrome c than in the c-myc-silenced foci, for which a higher level of cytochrome c is an additional marker. The dying procedure involved cell shrinkage, DNA breakage, and nuclear localization of AIF, but without nuclear condensation and formation of cell membrane blebs and apoptotic bodies. In addition, this process of cell death involved a pronounced infiltration of macrophages. PARP was present mainly as the unprocessed, inactive form. Collectively, these results suggest that the programmed cell death of the c-myc transgenic mammary tumor cells may not be a typical apoptosis and may be caspase-independent. It deserves further study as to whether the cell death process, appearing in other c-myc-expressing tissues, is also distinct from classical apoptosis.
Materials and Methods
Tissue Collections
Virgin female MMTV-c-myc transgenic mice described before (Amundadottir et al, 1996; Liao et al, 2000a) were housed until spontaneous mammary tumors developed. When the tumors reach about 15 to 20 mm in diameter, usually at the age of 9 to 12 months, the animals were killed for tumor collection. Part of the tumor tissue was sliced into thin pieces and immediately fixed with 10% formalin in PBS (pH 7.4) overnight at 4°C. The tissue was subjected to a quick (6 hours) procedure of tissue processing and was embedded with paraffin. In total, 30 paraffin-embedded tumors were sectioned (5 m) and HE stained. Other parts of tumor tissues were first frozen in liquid nitrogen and stored at Ϫ80°C for further molecular analyses of the tumors. In addition, five mammary tumors from virgin female MT-tgf␣/MMTV-c-myc double transgenic mice collected from previous experiments (Amundadottir et al, 1996; Liao et al, 2000a) were also used as controls for the expression of caspase-3 and PARP.
Toluidine Blue Staining and EM
After killing the animals, six tumors were prepared for EM. For this purpose, fresh tissue biopsies collected from five different places in each tumor were chopped into about 1-mm 3 pieces and then immediately fixed with 3% glutaraldehyde in PBS (pH 7.2) overnight at 4°C. The glutaraldehyde-fixed tumor tissues were postfixed with 1% osmium tetroxide (Sigma Chemical Company, St. Louis, Missouri) for 1 hour and washed with distilled water three times (10 minutes each). The tissues were stained with 2% uranyl acetate (Sigma Chemical Company) for 30 minutes in the dark and washed with distilled water three times, followed by dehydration with graded ethanols and then propylene oxide. The tissues were incubated in a mixture of propylene oxide and Spurr resin overnight and then in Spurr for 6 hours. The tissues were embedded in Spurr and cured in an oven at 65°C overnight. Semithin sections (1 m) were cut with Reichert Ultracut microtome and stained with 1% toluidine blue in 1% borax. Ultrathin sections (70 nm) were cut with the same microtome, mounted on 200 mesh grids, and stained with lead citrate. The sections were viewed on JEOL 1200EX electron transmission microscope.
TUNEL Assay
The terminal deoxynucleotidyl transferase (TdT) mediated digoxigenin-dUTP nick end labeling (TUNEL) method was carried out using a kit from Trevigen Inc. (Gaithersburg, Maryland) as described previously (Liao et al, 2000a) . Paraffin sections (5 m) were dewaxed, rehydrated, treated with protease K, and blocked with H 2 O 2 , according to the manufacturer's instructions. After labeling with TdT and biotin-labeled dNTP, the sections were incubated with peroxidaseconjugated streptavidin. The signal was visualized by exposure to diaminobenzidine and H 2 O 2 , followed by counter-staining with hematoxylin.
Immunohistochemistry
Immunohistochemical staining was performed using an avidin-biotin complex method described previously (Liao et al, 2000a) . Paraffin sections were deparaffinized and endogenous proxidase activity was blocked with 3% peroxide. Antigens were retrieved by heating in a microwave oven in 50-mM citrate buffer, pH 6.0, after boiling for 8 minutes. After blocking nonspecific antigens with 6% normal goat or horse serum, the sections were incubated with the primary antibody for 2 hours, followed by 1 hour incubation with a second antibody conjugated with biotin (Vector Laboratories Inc., Burlingame, California). The sections were then incubated with peroxidaseconjugated avidin (Dako, Corporation, Carpinteria, California) for 30 minutes, followed by color development with diaminobenzidine and peroxide. All procedures were carried out at room temperature. The primary antibodies used were rabbit polyclonal cytochrome c antibody (H-104), goat polyclonal CD68 antibody (M-20), goat polyclonal antibody (D-20) against AIF, and rabbit polyclonal antibody (H-250) against PARP, all from Santa Cruz Biotechnology Inc., Santa Cruz, California. Other primary antibodies used were rabbit polyclonal antibody (M042453) against caspase-3 from Pharmingen and rabbit polyclonal antibody against PARP (SA-252) from Biomol Research Labs Inc., Plymouth Meeting, Pennsylvania. To control for signal specificity, serial sections were made from four tumors and were subjected to the same staining procedure, with a normal rabbit or goat Ig G to replace the respective primary antibody. This control staining did not give rise to a signal, demonstrating the specificity of the signal given by the primary antibodies.
Western Blot Analysis
Frozen tumor tissues were homogenized with a polytron in a lysate buffer containing (Liao et al, 2000a (Liao et al, , 2000b : 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 0.5% NP-40, 50 mM NaF, 0.5 mM Na 3 V0 4 , 20 mM sodium pyrophosphate, 1 mM PMSF, 10 g/ml aprotinin, 10 g/ml leupeptin, and 1 mM DTT. The tissue lysates were transferred to a B-type glass homogenizer, homogenized again, and centrifuged at 12,000 rpm for 20 minutes at 4°C. The supernatants were collected, and their protein concentrations measured with BCA reagents (Pierce, Rockford, Illinois). Protein aliquots were electro-fractionated on SDS-PAGE. Roughly equal loading was confirmed by staining the gel with Coomassie blue, although comparisons among different samples were not emphasized. The proteins were transferred onto a PVDF membrane and probed with primary antibody for 2 hours, followed by incubation with a peroxidase-conjugated second antibody for 1.5 hours. The signal was visualized with chemiluminescent substrates (Pierce) and autography. The primary antibodies used in Western blot analyses were the same as used for immunohistochemical staining. For each target gene, Western blot was repeated three times, and a representative figure was presented.
